ABSTRACT: The crystal structure of P450 2B4 bound with 1-(4-chlorophenyl)imidazole (1-CPI) has been determined to delineate the structural basis for the observed differences in binding affinity and thermodynamics relative to 4-(4-chlorophenyl)imidazole (4-CPI). Compared with the previously reported 4-CPI complex, there is a shift in the 1-CPI complex of the protein backbone in helices F and I, repositioning the side chains of Phe-206, Phe-297, and Glu-301, and leading to significant reshaping of the active site. Phe-206 and Phe-297 exchange positions, with Phe-206 becoming a ligand-contact residue, while Glu-301, rather than hydrogen bonding to the ligand, flips away from the active site and interacts with His-172. As a result the active site volume expands from 200 Å 3 in the 4-CPI complex to 280 Å 3 in the 1-CPI complex. Based on the two structures, it was predicted that a Phe-206fAla substitution would alter 1-CPI but not 4-CPI binding. Isothermal titration calorimetry experiments indicated that this substitution had no effect on the thermodynamic signature of 4-CPI binding to 2B4. In contrast, relative to wild-type 1-CPI binding to F206A showed significantly less favorable entropy but more favorable enthalpy. This result is consistent with loss of the aromatic side chain and possible ordering of water molecules, now able to interact with Glu-301 and exposed residues in the I-helix. Hence, thermodynamic measurements support the active site rearrangement observed in the crystal structure of the 1-CPI complex and illustrate the malleability of the active site with the fine-tuning of residue orientations and thermodynamic signatures.
Cytochromes P450 of the 1, 2, and 3 families play a central role in drug metabolism and detoxification (1) . Many P450s display broad and overlapping substrate specificities, yet an individual P450 often oxidizes a particular substrate with striking regio-and/or stereoselectivity. The importance of P450s in healthcare has led to an intense interest in developing strategies to predict the metabolic fate of pharmaceuticals and environmental pollutants, which requires a detailed knowledge of P450 structure-function relationships. Compared with several other P450 subfamilies, P450 2B enzymes exhibit a relatively low degree of catalytic preservation across mammalian species, making these enzymes an outstanding model system for investigating structure-function relationships (2) .
Recent results demonstrate that microsomal P450s exhibit remarkable conformational diversity and plasticity (3, 4) , including significant differences both in the length of helices and in their positions. Such differences exist even among P450s such as 2C5, 2C8, and 2C9 from the same subfamily. The most striking example of conformational plasticity of a single P450 is represented by the structures of 2B4 1 solved in three different states by our laboratory (5) (6) (7) . The N-terminal truncated and modified 2B4 was crystallized in the ligand-free, 4-(4-chlorophenyl)imidazole (4-CPI)-bound, and bifonazole-bound forms, which exhibit dramatically different conformations. Conformational plasticity of microsomal P450 suggests an "induced fit" mechanism for ligand binding. In P450 2B4, plastic regions of the enzyme include the N-terminal half of helix A, helix B′ through helix C, the C-terminal half of helix E, the C-terminal half of helix F though the N-terminal half of helix I, and the 4 hairpin (7). These structural elements either directly make contact with the ligand or form new intramolecular contacts that stabilize the conformation of enzyme bound with the ligand. By adapting to different conformations, the enzyme is able to reshape its active site to accommodate the bound ligand without perturbing the overall P450 fold. Recent structures of P450 3A4 complexed with ketoconazole or erythromycin (8) provide further evidence in support of this concept.
While a crystal structure gives a snapshot of the protein, biophysical approaches can provide fruitful information on protein conformation in solution. With the availability of multiple mammalian P450 structures there has been a recent surge in the use of computer modeling and molecular simulations to predict quantitative structure-activity relationships (QSAR) of P450-ligand interactions (9) . Such information can be used for optimization of the design of new drug molecules with desirable metabolic properties. However, the validity of molecular models based on static crystal structures is limited by the lack of corroborative solution thermodynamic data. Recently, conformations of P450 2B4 in binding imidazole inhibitors of different size and side chain chemistry were studied in solution using isothermal titration calorimetry (ITC) and fluorescence spectroscopy (10) . The results show that P450 2B4 exhibits a large degree of conformational flexibility depending on the bound ligand. In addition, ITC studies reveal that thermodynamic parameters of binding can be distinctly different for structurally similar compounds such as 4-CPI and 1-(4-chlorophenyl)imidazole (1-CPI) (Figure 1 ), suggesting that they induce different active site conformations. In order to probe the structural basis and the interplay of active site residues responsible for the less favorable entropy of 1-CPI vs 4-CPI binding, the crystal structure of the 1-CPI complex was determined.
Although the overall protein fold is highly similar to that of the 4-CPI complex, there is a significant rearrangement of the active site, demonstrating how the enzyme accommodates structurally similar ligands with different chemical features. ITC studies of the F206A mutant validated the role of this residue in 1-CPI but not 4-CPI binding, as indicated by the crystal structures. The combination of X-ray crystallography and ITC should be especially powerful for elucidating the details of substrate binding by the conformationally diverse microsomal P450 enzymes. F206A was created using 2B4dH(H226Y)  as a template, and 5′-TTG TTC TTC CAG TCC GCC TCC  CTC ATC AGC TCC-3′ and 5′-GGA GCT GAT GAG GGA  GGC GGA CTG GAA GAA CAA-3′ as forward and reverse primers, respectively, using the QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA). Nucleotides in bold indicate the site of mutation. The mutation and lack of extraneous mutations were confirmed by DNA sequence determination at the Protein Chemistry Laboratory Core, UTMB.
MATERIALS AND METHODS

Mutagenesis.
Protein Expression and Purification. Cytochrome P450 2B4dH(H226Y) and F206A were expressed and purified as described previously (5-7). Briefly, Escherichia coli transformed with the vector pKK2B4dH(H226Y) or F206A was grown at 37°C with shaking until the A 600 reached 1.0. Protein expression was induced by the addition of isopropyl-1-thio--D-galactopyranoside to δ-aminolevulinic acidsupplemented Terrific broth. After an induction period of 48-72 h, the cells were harvested and lysed. P450 2B4dH-(H226Y) and F206A were extracted from membranes by adding the detergent Cymal-5 (Anatrace, Maumee, OH) in high salt buffer. After ultracentrifugation, the supernatant was purified using metal-affinity chromatography first. The fractions containing P450 were pooled together and then further purified by ion-exchange chromatography. The final buffer contained 500 mM NaCl, 8% glycerol, 1 mM EDTA, 1 mM dithiothreitol, and 10 mM potassium phosphate, pH 7.4. For crystallization, 1-CPI (Sigma) was added to the purified P450 2B4dH(H226Y) in 10-fold excess, and the complex was concentrated using an Ultra-15 centrifugal device (Millipore, Billerica, MA).
Ligand Binding by Difference Spectral Titration. Difference spectra were recorded using 1 µM protein on a Shimadzu-2600 spectrophotometer at 25°C as described (10) . Briefly, protein sample (3 mL) was divided into two matched quartz cuvettes and the difference spectra were recorded between 350 and 500 nm following the addition to the sample cuvette of a series of 2 µL aliquots of ligand, which was freshly prepared as a 200 µM stock in ethanol. The same volume of ethanol was added to the reference cuvette. Differential absorbance maxima for inhibitor binding [∆A max of (431-400 nm)] were fit to the tight-binding equation to derive K S values (KaleidaGraph, Synergy Software).
Isothermal Titration Calorimetric (ITC) Experiments and Data Analysis. ITC experiments with inhibitors were performed on a VP-ITC calorimeter interfaced with a computer for data acquisition and analysis using Origin 7 software (Microcal Inc., Northampton, MA) as described previously using 60 µM protein in the cell and 2 mM inhibitor in the syringe (10) . Protein and ligand samples were preincubated to the required temperature using a ThermoVac (Microcal Inc.) and loaded into the calorimeter. A typical titration schedule included addition of 4 µL per injection of ligand with 12-15 injections spaced at 5 min intervals. The titration cell was continuously stirred at 300 rpm. There is a time lag of about 5-20 min to reach the steady baseline enthalpy after the stirring has been initiated and the beginning of injections. During this time lag the ligand (2 mM) at the tip of the syringe gets diluted by diffusion, and the initial 1-2 µL volume does not represent an exact concentration of ligand in the syringe. To minimize this error, for the first injection only, 2 µL of ligand was added and the corresponding data point was deleted from the analysis. The interested reader is referred to the VP-ITC section at www.microcalorimetry.com for experimental setup and data analysis. Reference titrations were carried out by injecting each ligand into buffer alone in the calorimetric cell, and heat of dilution was subtracted from the ligand-protein titration data. The binding isotherms were best fit to a oneset binding-site model by Marquardt nonlinear least-square analysis to obtain binding stoichiometry (N), association constant (K a ), and thermodynamic parameters of interaction using Origin 7.0 software (Microcal Inc.) (11) 
Structure Determination and Analysis. The protein sample was prepared as a 33 mg/mL stock in buffer containing 500 mM NaCl, 8% glycerol, 1 mM EDTA, 1 mM dithiothreitol, 1 mM 1-CPI, 4.8 mM Cymal-5, and 10 mM potassium phosphate, pH 7.4. The 2B4/1-CPI complex was crystallized from vapor diffusion hanging drops in which 2 µL of protein sample was mixed with 0.5 µL of 1 M guanidine hydrochloride (GuHCl) and 2 µL of reservoir buffer containing 5% MPD, 10-12% PEG 6000, and 0.1 M HEPES, pH 7.0. The drops were equilibrated against 500 µL of the reservoir under 300 µL of mineral oil at 18°C, and crystals grew to a size of about 0.25 × 0.2 × 0.1 mm in 3-5 days. For data collection, crystals were briefly soaked in the mother liquor supplemented with 15% glycerol and 15% ethylene glycol, followed by flash freezing in liquid N 2 .
Two data sets were collected, each from a single crystal, respectively. For each data set, four hundred frames (0.25°/ frame) were collected on a single crystal held at 100 K to a resolution of 3.2 Å at beam line 11-1 of the Stanford Synchrotron Radiation Laboratory using a Quantum-315 CCD detector (Area Detector Systems Corp.). MOSFLM (11) and SCALA (12) were used to process the frames, and data collection and processing statistics for both data sets are shown in Table 1 .
Preliminary crystallographic analysis indicated that 2B4/ 1-CPI crystals belong to space group P2 1 2 1 2 1 . The Mathews coefficient suggested that there were probably 6-11 molecules in an asymmetric unit. A molecular replacement search model was constructed by making an ensemble from the ligand-free 2B4 structure (5), the 2B4/4-CPI structure (6) , and the 2B4-bifonazole structure (7) using the PHASER program (13) . Initially, a molecular solution with 6 molecules in an asymmetric unit was identified with a log likelihood gain (LLG) of 4786. The six molecules form a hexamer that has 32-point group symmetry, which was consistent with the self-rotation function. The hexamer was subjected to rigid body refinement using the CNS program (14) , and the resulting R-factor was 36.8%. Visual inspection of the model indicated that there were large gaps between hexamers in the unit cell. When an electron density map was calculated using the hexamer after rigid-body refinement, the map indicated that there were protein-like densities present in the gaps. Subsequently, the PHASER program was used to search for additional molecules in the asymmetric unit. A seventh molecule was identified, and the LLG was 6378. The seventh molecule bridged the hexamer in the unit cell and fit the densities in the map calculated from the hexamer.
The molecular replacement solution from PHASER was used for rigid body refinement in CNS (14) , which resulted in an R-factor of 33.8% and R-free of 35.0%. An electron density map was calculated using the phasing information from the initial protein model. Most of the protein backbone could be traced, and the electron density of the inhibitor in the active site was visible. However, multiple regions including the C/D loop, helix F, and the middle of helix I did not fit the density. These were rebuilt manually into the map using the COOT program (15) . Cycles of model building and minimization in CNS were performed to refine the coordinates. Noncrystallographic symmetry (NCS) restraints were used in initial rounds of refinement but were gradually released as the model improved. The final model was refined without NCS restraints. The structural topology and parameters of 1-CPI were generated using the PRODRG web server (16). 1-CPI molecules were fit into unbiased |F o | -|F c | maps, and added into the model after most of the protein residues were well-defined. The refinement was repeated with another dataset collected from a different crystal, which is in the same space group (Table 1) . It yielded a very similar structure with the rmsd's between corresponding chains less than 0.6 Å for all CR atoms (crystal 1:chain A -crystal 2:chain A 0.36 Å, 1B -2B 0.39 Å, 1C -2C 0.43 Å, 1D -2D 0.38 Å, 1E -2E 0.44 Å, 1F -2F 0.48 Å, 1G -2G 0.54 Å). The electron density for the active site residues and the 1-CPI ligands in all seven molecules in the asymmetric unit was very similar to that in maps calculated using the first data set (data not shown). Refinement and model statistics for both structures are shown in Table 1 . The atomic coordinates refined with dataset collected from crystal 1 have been deposited in the Protein Data Bank (accession code 2Q6N). The active site volume of P450s was calculated using the program VOIDOO (17) .
RESULTS
The seven molecules (Figure 2A ) in the asymmetric unit form a hexamer (molecules A to F, Figure 2B ) with molecule G bridging hexamers in the unit cell. The hexamer has 32-point group symmetry and consists of two trimers composed of molecules A-C and D-F, respectively. Approximately 2100 Å 2 of solvent accessible surface area (SASA) is buried upon formation of each trimer, and dimerization of two trimers further buries ∼2300 Å 2 of SASA (18) . Molecule G associates with the hexamer through molecule C, burying ∼560 Å 2 of SASA. At the center of each trimer, hydrophobic residues F212, V216, F220, F223, L224, F227, and P228 in the F/G region of each molecule make contact with symmetry-related residues of adjacent molecules ( Figure 2C ). Three molecules in a trimer are oriented with their N-termini pointing in the same direction, while their C-termini are buried upon dimerization of two trimers ( Figure 2B ). Crystallization of the 1-CPI complex with seven molecules in the asymmetric unit could arise from cocrystallization of roughly equal concentrations of hexamers and monomers. For example in the case of rat 2B1dH, a 50/50 mixture of hexamers and monomers exists in 0.1% cholate, 100% hexamers in the absence of detergent, and 100% monomers in 0.25% cholate (19) . The quaternary structure observed for the 2B4/1-CPI complex is in accord with negative stain electron microscopy studies of this P450, which also shows a hexameric assembly with 32-point group symmetry (20) . The seven molecules in the asymmetric unit exhibit a similar conformation, and there is no significant difference among the 7 chains (main chain rmsd 0.7 Å or less). Overall, the structure of 2B4 complexed with 1-CPI shows the characteristic P450 fold (Figure 3) . The lengths and orientations of the individual secondary structural elements are very similar to these seen in the 2B4/4-CPI complex.
Iterative rounds of model building and refinement with and without NCS restraints resulted in clean electron density maps, which defined the orientation of 1-CPI and side chains of ligand-contacting residues ( Figure 4A and Figure 4B ). In the hexamer, electron densities of 1-CPI in molecules B, C, D, E, and F are similar to those of 1-CPI in molecule A ( Figure 4A ), while the electron density of 1-CPI in molecule G ( Figure 4B ) is relatively weak. The ligand is oriented in the active site with an imidazole nitrogen coordinated to the heme iron ( Figure 4C ). The long axis of 1-CPI is at an angle of ∼70°to the plane of the heme, leaning toward helix B′. 1-CPI is constrained on all sides by 12 residues (I101, V104,  I114, F115, F206, I209, F297, A298, T302, I363, (Table 1 ) yielded a very similar structure, confirming the conformation of 1-CPI and ligandcontacting residues.
Although the overall tertiary structure of 2B4/1-CPI complex is very similar to that of the 4-CPI complex, there are significant rearrangements of structural elements that form the active site ( Figure 5A ). In the 2B4/4-CPI structure, the side chain of Glu-301 is oriented toward the ligand and forms a hydrogen bond with the free nitrogen of the imidazole. In the 2B4/1-CPI structure, the side chain of Glu-301 is oriented away from 1-CPI, and the new conformation of Glu-301 is stabilized by its interaction with the side chain of His-172. A similar conformation of Glu-301 and His-172 is seen in the 2B4/bifonazole structure (7). These structures suggest that Glu-301 plays an important role in changing the polarity of the 2B4 active site near the heme iron. In addition, the side chain of Phe-206 is oriented toward 1-CPI, making aromatic interactions with 1-CPI and Phe-297. Conformational changes of the side chains of Phe-206, Phe-297, and Glu-301 are accompanied by a shift of the protein backbone in the central part of helix I and helix F ( Figure  5A ). Compared with the 2B4/4-CPI structure, the structural changes described above are consistently observed in all 7 protein molecules in the asymmetric unit ( Figure 5B ). On the other side of the active site, opposite to helix I, there is almost no structural rearrangement of residues I101, V104, I114, and F115 ( Figure 5A ), nor of residues I363 and V367. The heme-coordinating residues also remain unchanged ( Figure 5C ).
To further study the role of Phe-206 in ligand binding, the mutant F206A was constructed using 2B4dH(H226Y) as the template. The expression level of F206A was similar to that of the template, allowing purification of the protein for biochemical and biophysical studies. F206A has significantly lower activity than 2B4dH(H226Y) toward 7-EFC (data not shown), and therefore, the kinetic parameters (k cat and K m ) could not be determined. In addition, 2B4dH-(H226Y) or F206A did not show a detectible spectral change (type I), which precluded determination of substrate binding affinity using a spectral titration method. The low activity of F206A with 7-EFC is reminiscent of the low activity of the F206L mutant in the related enzyme P450 2B1 with a Figure  6A and Figure 6B ). The K s value for 4-CPI binding to F206A was the same as for the template (10), whereas the K s for 1-CPI binding to the F206A was ∼30% higher than to 2B4dH(H226Y) ( Table 2 ). The thermodynamic signatures of 4-CPI binding to 2B4dH(H226Y) and F206A are very similar ( Figure 6C ), exhibiting both favorable enthalpy and entropy terms and 1:1 binding stoichiometry. In contrast, the thermodynamic signatures of 1-CPI binding to 2B4dH-(H226Y) and F206A are strikingly different ( Figure 6C ). Entropically, 1-CPI binding to F206A is much more unfavorable by 3.2 kcal/mol than binding to 2B4dH(H226Y) (-T∆S ) 3.3 kcal/mol vs 0.1 kcal/mol).
DISCUSSION
One of the most important and obvious differences between the two chlorophenylimidazoles is that, once bound to the enzyme, the 4-isomer has one free nitrogen atom, while the 1-isomer has none. This difference affects the binding to P450s significantly. For comparison, the dissociation constants of 1-and 4-phenylimidazole with P450cam are very different, 0.1 µM for 1-phenylimidazole (1-PI) and 40 µM for 4-phenylimidazole (4-PI) (22) . Poulos and Howard have solved the crystal structures of P450cam with 1-and 4-phenylimidazole and provided an explanation for the selectivity (22) . The free N3 of 4-phenylimidazole does not form a hydrogen bond with the enzyme and remains essentially "unsolvated". Thus, transfer of the 4-phenylimidazole from solution to the active site of P450cam is thermodynamically less favorable than the corresponding transfer of 1-phenylimidazole, which has no free unliganded nitrogen atom.
Interestingly, the binding of 1-and 4-(4-chlorophenyl)-imidazole (or 1-and 4-phenylimidazole) to P450 2B4 represents a completely different situation. The 4-isomers (K S of 0.043 µM for 4-CPI and 0.132 µM for 4-PI) bind to 2B4dH(H226Y) with higher affinity than their corresponding 1-isomers (K S of 0.125 µM for 1-CPI and 0.486 µM for 1-PI) (10) . The 2B4/4-CPI and 2B4/1-CPI structures provide an explanation for the difference and demonstrate the remarkable malleability of a mammalian microsomal P450 to accommodate diverse ligands with subtle rearrangements of the active site. In the active site of the 2B4/1-CPI structure the ligand is packed by 12 residues, which all have hydrophobic side chains except Thr-302. The favorable interactions between 1-CPI and 2B4 contribute to the high affinity, which is the same as that of 1-PI binding to P450cam. For the bacterial P450cam, the structures of 1-PI and 4-PI complexes are almost identical. As a result, 4-PI binding to P450cam is penalized for burial of its free N-H in the hydrophobic active site, resulting in a lower affinity (K D ) 40 µM).
In contrast, the crystal structures of 2B4 show that this mammalian enzyme is more versatile with a plastic active site. When 4-CPI binds to 2B4, the side chain of Glu-301 swings in and forms a hydrogen bond with the ligand. In this case, the free N-H of 4-CPI is not detrimental to complex formation. Indeed, a network of 8 hydrogen bonds is formed ( Figure 6D ) among 4-CPI, two waters (HOH-1107 and HOH-1147 in PDB entry 1SUO), and 5 amino acid residues (Glu-301, Thr-302, Thr-305, Leu-362, and Asn-479), which probably contributes to the high affinity. It is not possible to form this H-bond network in the 2B4/1-CPI complex because 1-CPI has no free nitrogen atom for hydrogen bonding, and the new position of Phe-206 displaces two water molecules. In addition to Glu-301, the side chains of Phe-206 and Phe-297 are oriented differently in the two chlorophenylimidazole complexes, which is accompanied by protein backbone shift in the middle of helices F and I. The overall result is a more compact active site (volume 200 Å 3 ) where 4-CPI is strictly constrained by active site residues on all sides vs 280 Å 3 in the 2B4/1-CPI structure. Recently advances in protein preparation and experimental techniques allowed measurements of thermodynamic of P450-ligand interactions using ITC (10) . Since ITC can dissect free energy of binding (∆G) into enthalpy (∆H) and entropy terms (-T∆S), it has revealed the thermodynamic difference of P450 2B4 in binding imidazole inhibitors with different ring chemistry and side chains (10) . Both 4-CPI and 1-CPI bind to the enzyme with a favorable enthalpy term, -6.48 kcal/mol and -8.15 kcal/mol, respectively. The enhanced enthalpy for 1-CPI vs 4-CPI binding is consistent with the Glu-301-His-172 interaction, which has more ionic character than hydrogen bonds to 4-CPI or Thr-302. However, it should be noted that, due to the associated shift of the F-and I-helices, many other residues, including Phe-206 and Phe-297, also experience new environments in the 1-CPI complex.
However, 4-CPI binding to 2B4dH(H226Y) was shown to be entropically favorable (-T∆S ) -1.75 kcal/mol), while 1-CPI binding to the enzyme is less favorable and has a very small entropy (-T∆S ) 0.1 kcal/mol). Thermodynamically, the hydrophobic effect is entropically favorable, due to desolvation, while loss of conformational freedom (both the ligand and the protein) is entropically unfavorable in protein-ligand interactions. The tight packing of 4-CPI within the active site (200 Å 3 ) favors desolvation of the ligand and displacement of H 2 O from the heme, outweighing the loss of conformational freedom upon binding. The result is a net entropic contribution (-T∆S ) -1.75 kcal/mol) to free energy of 4-CPI binding. In contrast, when 1-CPI binds to 2B4, the volume occupied remains larger (280 Å 3 ) and less net desolvation occurs, resulting in an entropy term close to zero.
Among the active site residues, Phe-206 exhibits the most dramatic conformational change between the 2B4/1-CPI and 4-CPI structures ( Figure 5A ). Substituting Ala for Phe-206 does not affect the affinity of 4-CPI binding in spectral titration (K S ) or ITC (∆G) experiments, nor does it alter the thermodynamic signatures, consistent with the buried position of Phe-206. The mutation also has minimal impact on the ∆G of 1-CPI binding; however, this arises from significantly altered enthalpic and entropic contributions ( Figure 6C) . A similar value for ∆G is consistent with our earlier studies; i.e. most single amino acid substitutions do not significantly alter the overall binding affinity of P450 2B4 with imidazole inhibitors due to the strong interaction between the imidazole nitrogen and the heme iron, which dominates the binding (23) . Nevertheless, ITC experiments revealed significant differences in 1-CPI binding to the F206A mutant compared with the template: the enthalpic term becomes much more negative (∆H ) -10.9 kcal/mol) while the entropic term becomes much more positive (-T∆S ) 3.3 kcal/mol). The enthalpic change can be explained by possible binding of H 2 O molecules in the active site in place of the missing Phe-206 side chain, where the H 2 O could form hydrogen bonds with the new position of Glu-301, exposed residues in helix I (Thr-302, Thr-305), and the main chain carbonyl of Leu-362 and Asn-479. Two such H 2 O molecules that are involved in forming the network of 8 hydrogen bonds ( Figure 6D ) are observed in the 2B4/4-CPI structure where they are not occluded by the positions of Phe-206 or Phe-297 (6) . Even though the substitution of Ala for Phe-206, which is likely to loosen the packing interaction of active site residues around the phenyl ring of 1-CPI, increases the degrees of freedom for the protein-ligand complex, the ordering of H 2 O molecules from the solvent apparently outweighs this effect, resulting in a significant overall loss of entropy.
In conclusion, we have determined the crystal structure of P450 2B4 bound with 1-CPI. Compared with the 2B4/ 4-CPI structure, there are several key rearrangements within the active site, which complement the subtle but distinct chemical difference of the ligand. The thermodynamic signatures of 4-CPI and 1-CPI binding to 2B4 obtained previously can be interpreted based on the observed structural rearrangement, delineating the structural origin of differential thermodynamics. In a synergistic approach, we went back from the crystal structures to solution thermodynamics with the studies on the F206A mutant. ITC experiments on the F206A mutant further support a structure in which loss of a single hydrogen bond from Glu-301 to the ligand results in reorientation of Glu-301 away from the active site with concomitant exchange in the position of Phe-206, and repacking of Phe-297, leading to an expanded active site.
